There is a fantastic technological revolution changing the way we learn and practice surgery. Over the last two decades virtual reality, haptics, simulators, robotics and other "advanced technologies" have emerged as important innovations in medical learning and practice. Reports on simulator applications in medicine now appear regularly in the medical, computer science, engineering and popular literature. The goal of this article is to review 1) the emerging intersection between advanced technologies and surgery and 2) how new technology is being utilized in several surgical fields, specifically Plastic Surgery. We will end with how plastic and reconstructive surgeons can benefit by working to further the development of multimedia and simulated environment technologies in surgical practice and training.
complexity of real tissues and to gain insight into surgical outcomes through simulation.
In the early 1990s, the first surgical simulator (see Figure 1 ) was designed by the NASA Ames Research Group to investigate the biomechanical consequences of tendon transfer based on the force generating properties of the muscles and the geometry of the bones and joints. [3] Coincident with advances in technology, the last two decades have seen dramatic changes in surgical training programs. Instructors are under increasing pressure to perform procedures in a more cost-effective manner, including shortening operating room times and improving outcomes. [4, 5] In addition, many teaching programs are experiencing decreases in number of available patients for teaching. And the increasing demands on attending surgeons are decreasing their availability as the expert educator in the operating room. [6, 7] These new demands have both stimulated the growth of technology in medicine and highlighted our lack of understanding as to how surgeons learn. For example, with the introduction of laparoscopic surgery, thousands of practicing surgeons graduated from abbreviated courses and returned to their practice to perform their first solo laparoscopic procedure days later. [8, 9] The variation in complication rates of these new laparoscopic surgeons brought the issues of surgical competence and patient safety to public attention.
As new technologies have developed, laparoscopic and otherwise, the concept of practice and competence assessment has become more important. Cadavers and live animal models were accepted for practicing surgical techniques; however, the ethical and cost constraints of these models have become overwhelming to most institutions. Therefore, simple inanimate models have been developed for practice of basic surgical skills. Instruction on models has been shifted to surgical skills centers (SSC) out of an increased understanding of how adults learn and a decreased willingness to put patients at risk. [10] Synthetic skin suturing models and computer simulations of surgery are emerging as a prime education tool at several SSCs. [11] [12] [13] Our changing system is moving us out of the OR as the surgical classroom and technological advances and SSCs are providing us with a great alternative.
SIMULATORS IN AVIATION
The aviation industry provides an ideal example of how simulators enhance training and maintenance of competency. Flight simulators have trained pilots with increased safety compared to real flight experience at a lower cost with broader exposure to complications and difficult situations. [14] The aviation industry adopted simulators decades ago to achieve an impressive safety record through standardized education, repetitive practice, and frequent proficiency testing. [15] Given the similarities between pilot and surgeon responsibilities: both must be ready to manage potentially lifethreatening situations in dynamic, unpredictable environments; the projection to improved patient safety and more efficient learning is exciting. Simulators are also employed for pilot competence assessment. Airline pilots must be tested in a simulator at least once a year. An important tenet of motor-skills learning theory is that extensive practice and feedback are critical to successful learning. [16, 17] This can apply to trainees learning to fly or to experienced pilots learning new aircraft. By bringing simulators and advanced technologies into surgical education and practice we can begin to follow the 40-year proven record of flight simulators. [18] Simulators can train young surgeons, be used to maintain skills during time away from practice or teach new techniques or instruments to expert surgeons. [19] CATEGORIES IN ADVANCED TECHNOLOGIES "Advanced Technology" categories include: (1) computer simulation and training, (2) computer assisted preoperative planning and computer assisted surgery; and (3) telemedicine, telesurgery and medical robotics
Simulation and Training
Simulators encompass a broad range of material from plastic bench models to computer formats to computer-generated images capable of interaction. We will address computer based learning, which addresses knowledge acquisition and then training simulators, which try to realistically represent tissue and the OR environment and are used for skill acquisition.
Multimedia Instruction: Computer-Based Learning

What are the applications?
Multimedia computer based instruction is used in the cognitive phase of motor skills learning. These applications have the advantage of incorporating all of the material we use to study surgery-textbooks, anatomy atlases, video, lecture notes, expert opinion and photos into a multimedia program that the user can navigate at their own pace. Each learner can independently seek instruction and demonstration, receiving information in a format that facilitates building connections between verbal (text and auditory) mental models and pictorial mental models. For example, the Visible Human Project (VHP)(http://www.nlm.nih.gov/research/visible/visible_human.html) is a library of complete, anatomically detailed, three-dimensional representations of the normal male and female human bodies formed through acquisition of CT, MR and cryosection images.
VHP is used in many projects such as an interactive anatomy course on CD and a complete palpable holograms for surgical simulation.( ) This multimedia format may also be used to assess knowledge, track resident progress or take learners through a preset course. [20] Who uses it?
The University of Colorado helps medical students understand relationships between organs, vessels and nerves by creating three-dimensional images from the VHP. [21] In addition to being used in medical school curricula, several areas of surgery utilize multimedia to improve information delivery from the flat pages of the textbooks and atlases surgeons have learned from for centuries. WebSurg for cardiothoracic residents [22] or programs covering a specific topic such as cleft lip repair [23] or hand anatomy (http://www.primalpictures.com) [24] .
Lessons Learned
Adult learning is enhanced when skills and information are acquired in the context of coping with a specific event. [25, 26] We also know that learners retain 10-15% of what is read, 10-20% of what they hear, and 20-30% of what they see, but when audiovisual materials are integrated, knowledge retention increases to 40-50%. [27] Chopla employed these learning principles to improve learning with an anesthesia simulator. Trainees responded more quickly and appropriately after simulator instruction. [28] This type of instruction is ideal for improving educational efficiency. 
TRAINING SIMULATORS
A simulator can be a realistic bench model, an immersive environment or "mixed reality". The important transition from computer based learning to simulators is the transition from knowledge acquisition to skill acquisition. Skills can be learned on bench models that range from IV insertion in a simple synthetic skin model http://www.simulaids.com/als.htm to learning coronary anastomosis on a sophisticated plastic "beating heart". http://www.simsurgery.no/downloads.html Virtual reality brings the added element of increased interactivity. For example, the head mount display (HMD) creates an immersive environment by tracking the user's head motion. This then controls the position and orientation of the computer graphics camera allowing correct orientation of the image with head movement (see Figure 2) . [32] The virtual workspace is a mixed reality environment that utilizes mirror boards for image projection and is more applicable to learning specific skills (See Figure 3 ). Those systems with force feedback allow the user to perform natural gestures and interactions using hand tracking devices within the simulated space to create sensations that feel realistic and convincing.
The feedback has two components: tactile simulation which gives the sensation of rough or smooth and force feedback which allow you to feel the weight of the object in your hand. [33] What are the Applications
The benefits of surgical simulation are different for novice and expert. Residents in training can avoid causing iatrogenic complications in real patients while still being exposed to a wide range of scenarios and complications. Additionally, simulators can reduce the time and costs of training by lightening the burden of the Halstedian masterapprentice method. [34] Graham worked with a microsurgical vascular anastomosis simulator and proposed it become a complete substitution for the basic training phase of learning. [35] For expert surgeons, simulation can be used to maintain proficiency during times of absence from the operating room such as on a space mission, an academic sabbatical or family leave. As new technology is developed, surgeons can travel through their learning curve in a SSC before introducing the new procedure to their practice. [36] Simulators need to be versatile like the TURP simulator developed at the HIT lab in Washington which has four levels of skill for different levels of training. [37] Novices need to learn the basics on generic models while experts may wish to rehearse on specific patient data sets. Simulators are being developed to show bleeding vessel and to allow cauterization, [38] but this may cognitively overload the young surgeon who first needs to learn to recognize anatomy and practice his dissecting skills. The pedagogic benefits of simulators include their ability to measure internal metrics such as hand motion, applied pressure, accuracy and precision of needle placement [18] as well as their use for building experience, remedial training, monitoring progress, and competence assessment.
Who uses it?
Bench model simulators have been used in life-saving courses for decades to teach cardiopulmonary resuscitation to adult learners and to assess their skills. [39] We can take this same concept, add some virtual reality and expand upon a proven method.
Delp has developed a simulated thigh with virtual instruments so the learner can be taught to locate structures, to move soft tissue and bone, and to repair nerves, blood vessels and skin. [14] The sinus surgery simulator (http://www.lockheedmartin.com/akron/busdev/sim&trng/medsim/report/midterm.htm) is being used by ENT to study skill and knowledge acquisition through practice on a plastic head model with a screen showing "virtual navigation" through the sinuses. [33] General surgery, Urology and ophthalmology have utilized simulators for teaching venous catheter placement, DRE exam and vitreous surgery simulator respectively. [36, 40, 41] Some novel uses for computer simulation are also being piloted. An Internet linked trauma simulator http://www.telenor.no/fou/prosjekter/matador provides a method for exposing medical trainees to trauma situations while also assessing leadership and teamwork. [42] Simulators are being used to combat boredom and promote compliance in rehabilitation. An injured extremity is connected to a simulator able to detect varying levels of movement or simply electrical activity. The patient participates in a video game or flying simulation using prescribed movements to interact within the simulation. [43] Lessons learned A recent study using a pelvic exam simulator showed that physical exam skills of medical students can be measured reliably. The E-Pelvis simulates gynecologic pathology and measures objective data such as critical areas touched and maximum pressure used. [17] As mentioned, surgical simulators have been developed that measure total tissue damage, accuracy of needle puncture, peak tissue tearing force, motion trajectory, force applied, time to complete the task, damage to the surface of the tissue, angular error in needle technique, total distance traveled by the tool tip, and a measure of overall error. [44] While measurement of these parameters is specific, the construct validity (or ability to distinguish between surgically naïve and experienced subjects) of testing these parameters depends on the task. For example, studies of experts performing airway intubation show high consistency among experts [45] ; However, in the study by O'Toole, measuring internal metrics from a simulator the experienced surgeons did not score higher on each skill than their medical student counterparts [44] illustrating those items we can measure are not necessarily those that distinguish the expert surgeon.
Validation studies of simulators are essential; simply because we can measure a parameter, does not make it an educationally relevant marker. These systems need further assessment and validation. [46] Through a process called cognitive task analysis (CTA), educators are trying to analyze what these distinguishing steps might be and how we can better teach them.
Anastakis has shown skills learned on bench models are transferable to real patients in the OR. [13] However, successful knowledge transfer and specific expertise has been difficult to demonstrate. Flight simulation has shown a knowledge transfer rate of 50%; which means that for each hour spent in the flight simulator, pilots acquire as much knowledge as thirty minutes of real flight time. In comparison, a 25% knowledge transfer rate has been achieved with task level surgical procedures. [40] A sophisticated simulator should compare the movements of a novice to an expert surgeon and assess progress in knowledge and skill acquisition. In our current system, we make assessments during surgery trying to compensate for variation in faculty standards and patient material. It is because of this lack of standardization that our show that training on a simulator improves resident confidence in their ability to perform the task. [50, 51] The sophistication of the technology has an impact on what can be taught and tested. Current surgical simulators focus on individual tasks like anastomosis, ligating and dividing instead of full procedures. [40] Simulation of an entire procedure requires a multisensory virtual environment with more than just visual input. The HMD is generally used to achieve full immersion. The Data Glove (see Figure 4) (http://www.5dt.com/hardware.html#hmd) is an input devise that provides a method of direct interaction with 3D models by sensing the wearer's hand movement. It can monitor six degrees of position and orientation information measured from the user's palm. Ten additional degrees of freedom are measured from the user's finger flexion and extension. [3, 52] Limitations of the HMD are the weight of the device and a lower resolution than the half mirror, mixed-reality stations which allow higher resolution, but permit the user to continue receiving visual stimuli from his surroundings.
Another challenge to VR is realistic portrayal when moving or deforming small structures and fine components (such as facial bones) that are in close proximity to one another. The nature of the descent algorithms used to move small bone fragments permits thin bones to be passed through or even disappear in these situations. [33] The current gold standard for soft tissue simulation, finite element mesh (FEM), breaks down the complex geometry of skin and organs into graphic polygons to solve some of these mathematical and geometric hurdles. [53, 54] parts of the body that are inaccessible, too dangerous or too small to instrument can be explored. [40] Augmented reality is a technique fusing data from ultrasounds, CT or MR scans with the surgeon's view to visualize tumors, vessels, and nerves as if the tissues were all semi-transparent. This method could have significant advantages in surgical incision placement and for localizing tumors in breast (see Figure 6 ) or liver biopsy. [63] Alternately, a small hand-held device may be used directly over the surgical field to display or locate radiographic findings. [64] Who Uses It 
Lessons learned
Simulations are being used to show patients expected post-operative results for reconstruction of facial bones and muscles. [70] Many available products operate with only graphic representation and do not utilize information about the properties of tissue.
This may be problematic when using a virtual sculpture like 3dMD's DSP800
(http://www.3dmd.com/home.asp) for patient communication and planning. Results from a simple surface model cannot predict a true outcome.
The computer graphic rendering techniques are better suited to procedures involving bony versus soft tissue manipulation. The algorithms are less complicated because the interaction between two solid structures (such as an airplane and a building or bone and bone) are mathematically simpler than illustrating an interaction between a surgical instrument and skin which has variable mechanical properties for stretch, indentation or shearing [71] . As addressed earlier, the issue of fidelity to small or thin structures again arises with computer assisted surgery (CAS). The utility of computer assisted planning and CAS in daily practice is dependent upon the fidelity of the simulator. For example, the MAGI (microscope assisted guided intervention) augmented reality system is being developed to show the location of blood vessels within the brain for neurosurgery. The utility is great, but accuracy is within one millimeter; a small but significant distance in neuroanatomy. Augmented reality will also need to overcome the propensity of the eyes to adjust to visual clues from real structures, drawing the superimposed image closer. [72] The above examples illustrate the need for communication between surgeons, engineers and computer scientists to ensure tools are developed that address specific operating room needs.
ROBOTICS, TELEMEDICINE and TELESURGERY
Applications
The earliest conceptions of surgical robotics were developed by Scott Fisher and Joseph Rosen at the NASA-Ames Research Center. [73, 74] The early robots were conceived for use on space missions where the device could be manipulated from afar.
From these initial endeavors, the surgical applications have multiplied but can be broken down into resource enhancement, skill enhancement and education.
Resource enhancement: The early work on robotics came from a need within the military and space programs to deliver medical care---both diagnostic and therapeutic-from a remote location. The surgical robot was devised to meet this goal: the robot performs precisely as the surgeon would, but is controlled from a distance. [74] One application would be the need for surgical intervention on a several year space. A specialized microsurgery might be necessary and beyond the scope of the medical officer. With robotics, a specialist at a remote station on earth could assist the medical officer, enhancing the resources of the mission.
Education:
The educational advantage of robotics in Telesurgery is the ability to bring peers and mentors into the operating room from down the hall, across the country or the other side of the world. This expansion of access to mentoring may eventually provide an arena for surgeons to adopt or learn new techniques in surgery. [75] Skill Enhancement: The surgical robot should not be thought of as a replacement for the surgeon but as an intelligent assistant. Robots have precision and dexterity above human limitations. [52] The Robot Assisted Microdexterity enhancement System (RAMS) allows more rapid microsurgical manipulation and can compensate for physiologic tremor. [76] Position of bone fragments or instruments can be determined with an average accuracy of 0.1mm, much better than the human eye. Robotics may be used to facilitate cardiac "beating heart" surgery through motion compensation; this would allow the surgeon to operate on any moving structure with the same precision as if it were perfectly still. [65] The future sees the surgeon able to rehearse an operation on a patient-specific palpable hologram, edit for mistakes and then deliver the dataset of that operation with robotic assistance. [58] 
Who Uses it
Resource Enhancement: Telepresence mentoring can be used to complete virtual intraoperative consults. Sitting at the Zeus console with a Socrates for telementoring (See Figure 7) , the operating surgeon sees his laparoscopic field side by side with his mentor. The mentor is seeing the surgery just as the surgeon is giving suggestions, warnings and even pointing to structures in the operative field in Monday night football fashion. [77] Education: In the news recently was an example of robotics and telesurgery being used 
Lessons learned
Use of robotics in hip replacement has shown a significant increase in precision.
RoboDoc was able to core out the femoral shaft with 96% precision, whereas a standard hand approach provided only 75% accuracy. [65] With the RAMS microsystem robot, a one mm digression by the surgeon's hand can be scaled down to 0.01 mm at the tissue level. The most precise microsurgeon can operate with 70 micrometers of precision. The RAMS can provide 10 micrometers of precision and a one mm digression by the surgeon's hand can be scaled down to 0.01 mm at the tissue level. One limitation of the robot is only 7 degrees of freedom where the human hand has more than twenty. [80] The Advanced Technologies are being successfully integrated into surgery and surgical education. General surgery program directors agree there is a need for technical skill training outside the operating room and that the virtual environment has a place in surgical training. [81] As much as the technologic advances allow introduction into the surgical arena, the key element in all of these simulators will be matching the educational 
Expert and Novice Learning in Plastic Surgery: Projections
We know that adult learners acquire knowledge best when it is placed within a contextual framework. [15] As in flight simulation, trainees can learn to manage lifethreatening situations in a dynamic, unpredictable environment similar to the operating room. The pedagogic value of simulators lies in their interactivity, the three-dimensional representation of anatomic structures and their ability to reproduce or represent patient phenomena for practice without risk to the patient. Studies from neuropsychologic testing experiments on surgeons showed that visuospatial perceptual skills (the ability to represent mentally the physical environment and the movement to be performed) are the major determinants of surgical technical performance. [83] These skills can be honed using simulation prior to entrance into the operating room.
Simulators can be used to design curricula utilizing what we know about learning technical skills. Research shows that motor skill acquisition occurs in three phases(see Figure 9 ) [8] . Ideally, only the last phase of learning would be performed on real patients.
In the first phase of motor skill acquisition, or "cognitive phase", the learner gains an understanding of the task through explanation and demonstrations. A multimedia computer-based format can simulate patients and deliver material through multiple learning channels. Cognitive science studies show that the power of a teaching tool is directly related to level of interactivity and method of information delivery. [33] The second phase of motor skills learning is the "associative phase" where the learner practices the task and eliminates error from the performance. This phase could utilize simulators that place the learner in a lifelike situation providing real time feedback on decisions, actions and questions. Both types of simulators allow increased interaction compared to the standard textbook and anatomy atlas as well as improvement over the operating room where stress levels can be high and opportunity for questions and answers unreliable.
Simulators can streamline surgical education to reduce the time necessary to train young surgeons. [19] With simulators, we can essentially train out the learning curve in virtual reality, before the trainee gets to the operating room. For example, a trainee learning flexor tendon repair in our current system must be located at the appropriate site, be on call on the appropriate day, fulfill the administrative requirements of patient workup, wait for available OR time and then perform the surgery. In a surgical skills center of the future, this resident will present to the skills lab, note that flexor tendon repair is next on his list of goal competencies. He will then navigate a computer learning module and progress to operate on a palpable hologram, receiving feedback and repeating necessary steps until he reaches a predetermined level of competence-the plateau on his learning curve. His name will then be placed in a queue awaiting the next patient presenting for flexor tendon repair. Less time will be spent teaching basic surgical skill. The operating room will be reserved as a place for the learner to hone his skills and truly benefit from the expertise of the supervising surgeon. HMD for breast biopsy from Dr. Fuchs Figure 7 :
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